A simplified risk assessment framework specifically developed for built immovable cultural heritage assets is proposed. The framework addresses all the components in a risk analysis and can be used as a screening procedure for the preliminary assessment of a large number of assets with limited resources. Furthermore, the framework can also be used to identify cultural heritage assets that require a more refined and resource demanding risk evaluation. The proposed risk analysis framework falls into the category of qualitative methods and is based on an existing approach developed for the vulnerability assessment of critical infrastructures. The qualitative risk analysis of the proposed methodology is based on a set of structured assessment flowcharts that address the main components of a risk analysis: the likelihood of the hazard, the vulnerability of the asset to the hazard, the consequences of the hazard, the loss of value of the asset and the capacity to recover from the event. To illustrate the applicability of the proposed methodology, an application example is also presented for the case of seismic risk.
Introduction and research aim
Risk is a concept deeply embedded in the collective consciousness of modern society and there is currently a worldwide trend to enhance our understanding of risks in order to increase our ability to manage them. Although an objective and universal definition of risk is yet to be established [1] , it can be seen as a measure of the combined likelihood of occurrence of a threatening event and of its potential consequences. Such threatening events are usually termed hazards and represent a potentially damaging physical event, natural or man-made, that can cause loss of life or injury, property damage, social and economic disruption or environmental degradation [2] . On the other hand, the potential consequences, globally termed as losses, can be seen as the result of existing vulnerabilities (e.g. physical, social, economic or environmental vulnerabilities) that represent the susceptibility to the damaging effects of the hazard [2] combined with a lack of ability to cope with those consequences, i.e. a lack of resilience [3] .
Disasters can occur when the probable nature of the hazard becomes a real damaging event and when the potential consequences turn into actual losses. Over the years, several international initiatives have been promoted to address the issues of disaster risk reduction (DRR) and disaster risk management (DRM) in order * Corresponding author. Tel.: +351 22 508 1956; fax: +351 22 508 1835.
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to establish new approaches to reduce the impact of disasters in society. The wide-ranging concepts of DRR and DRM involve the development and application of policies, strategies and practices to minimise disaster risks throughout society. In 2005, the adoption of the Hyogo Framework for Action (HFA) 2005-2015 [4] was an important step towards these objectives. The HFA was the first internationally accepted framework where international agencies and national governments have set targets and commitments for DRR which were defined through five priorities for action. Of those five priorities, Priority Action 2 specifically addressed risk assessment and monitoring [4] . Therefore, the HFA clearly acknowledged that the sustainable implementation of disaster mitigation actions can only be achieved when based on adequate knowledge about the hazards threatening relevant assets and their vulnerability to those hazards.
Even though the HFA ended in 2015, efforts towards DRR continue since the HFA has now been replaced by the Sendai Framework for Disaster Risk Reduction 2015-2030 [5] . This new framework is expected to build on the achievements of the HFA to establish a set of improvements. Despite the worldwide progress achieved in DRR with the implementation of the HFA, several features were identified for its enhancement (e.g. see [6] [7] [8] [9] ). Among other aspects, the importance of cultural heritage and its irreplaceable value for society have been explicitly recognized, thus emphasising the need to assess the impact that potential hazards may have on cultural heritage [5, 6] . Moreover, the significant role of cultural heritage in social cohesion and sustainable development has also been highlighted, making it a key resource to build resilient societies [10] .
Despite these concerns, irreplaceable losses of cultural heritage continue to occur throughout the world as a result of natural or man-made disasters (e.g. [11] [12] [13] [14] [15] [16] ). Even though numerous cultural heritage assets require the implementation of risk mitigation measures (e.g. [17] [18] [19] [20] [21] ), the development of such measures needs to be based on adequate knowledge about the risks these assets are facing. However, for most countries, carrying out a multi-hazard risk analysis for a large number of cultural heritage assets requires efforts and budgets that are frequently unavailable. Therefore, assessing the risks for a large number of assets with limited resources is only feasible when based on simple methodologies.
To address this need, a methodology developed to perform the qualitative risk assessment of a large number of assets with limited resources is presented herein. The proposed methodology involves all the components in a risk analysis and can be used as a screening procedure for the preliminary assessment and identification of built and immovable cultural heritage assets that require a more refined and resource demanding risk evaluation. Given the general format of the methodology, it is expected to be applicable to any type of cultural heritage asset threatened by any type of hazard. Specific aspects of the framework were further detailed for the particular case of seismic risk and an application to a single cultural heritage property is presented to illustrate these procedures. The results of this example are also correlated with those of a more detailed and complex analysis.
Outlook of existing risk analysis methodologies
The ideal theoretical setting for conducting a risk analysis requires the probabilistic quantification of hazard, vulnerability and resilience. To establish probabilistic representations of those components, both sufficient/reliable data and adequate analytical/numerical procedures are necessary. However, in many situations, namely in the risk analysis of cultural heritage assets, defining these components in a reliable probabilistic context can be far too complex or resource demanding.
In terms of the hazard, its probabilistic representation can usually be achieved based on data from past events. Typically, for natural events such as earthquakes, floods, landslides or volcanic eruptions, a probabilistic hazard can be defined, e.g. see [22] [23] [24] [25] . However, there are fields for which establishing a probabilistic hazard is still complex mostly due to a lack of adequate data [26] [27] [28] . For the case of vulnerability, its definition relies on the availability of procedures capable of forecasting the damaging/negative effects that a particular hazard may have on a certain asset under analysis. Although detailed vulnerability representations can be established in several contexts, e.g. [29, 30] , for the particular case of cultural heritage assets, their complexity and the lack of knowledge regarding their behaviour in certain situations are often important obstacles to the detailed definition of their vulnerability [31, 32] . Furthermore, when the risk analysis addresses a large amount of assets, those difficulties are amplified due to resource-related restrictions that might also come into play. In such cases, vulnerability analyses often involve methodologies where simplified assumptions are made, e.g. see [33] [34] [35] [36] [37] .
With respect to the resilience component, even though frameworks and quantitative approaches have been developed in some fields, e.g. [38] [39] [40] [41] [42] [43] [44] and references therein, methodologies addressing specific aspects related to the preservation of cultural heritage assets are still largely unavailable. In this particular case, disaster prevention with the purpose of coping with the consequences of disasters is commonly addressed by pre-event measures such as implementing education and training programmes in emergency/recovery procedures. Additional predictors of resilience measuring the expected time and resources needed to restore the functionality/quality of the asset [38] could potentially also be established. However, when dealing with cultural heritage assets, the multidimensional nature of the value of the asset and the complexity of its evaluation [45] [46] [47] [48] are a major conceptual obstacle. Therefore, in such cases, predicting the time and resources that might be required to restore functionality and quality is much more difficult.
Based on these descriptions, the applicability of a framework that involves a comprehensive risk assessment procedure and the regular update of its results over time needs to integrate the following key issues:
(1) reliable and sufficient data to establish suitable hazard models; (2) sufficient and reliable data on the assets under risk; (3) suitable procedures to model the vulnerability; (4) adequate models to predict the multidimensional consequences of the hazardous event; (5) sufficient human, time and economic resources.
In the context of a risk assessment procedure for cultural heritage assets, 4 is the most difficult issue to address, regardless of the hazard involved. Furthermore, addressing 1, 2 and 3 successfully can be seen to depend on the availability of 5. In most cases, these resources will set the boundaries of the scope and comprehensiveness of a risk analysis and will be also fundamental for the successful regular update and monitoring of the risk assessment results over time. Therefore, when dealing with a large number of cultural heritage assets, it is important to have a simple methodology that can be used for the preliminary risk analysis of those assets to establish risk mitigation priorities or to identify assets requiring more detailed and resource-demanding analyses.
Based on these arguments, it can be seen that a qualitative risk analysis approach can fulfill the necessary requirements. In a qualitative risk method, risk is defined by a non-numerical estimate. Even though qualitative analyses still involve analytical and evidence-based characterizations of the risk, they establish descriptive or categorical treatments of information instead of numerical estimates. These methods simplify the risk analysis by reducing the required inputs and calculations to a set of judgments. The simple risk categories that are produced as outputs can then be communicated to policymakers and stakeholders in a simpler way [49] . Qualitative analyses are useful in situations where theory, data, time or expertise are limited but they also provide adequate results when decision makers only need a qualitative assessment of the risk. Furthermore, they can also be useful for problems where quantitative risk analysis is impractical. For example, the qualitative analysis of a large number of cultural heritage assets (e.g. nationwide) may be a suitable way to identify situations where a more detailed assessment is needed [50] . Qualitative methods may also be preferred when the more important sources of uncertainty will not change the end result or when quantitative analysis is likely to lead to inconclusive results [51] . In many situations, a qualitative risk analysis is able to provide risk managers or stakeholders with enough information for decision-making. For example, the gathered data may include sufficient evidence indicating that a given risk can, in fact, be disregarded. On the contrary, the gathered evidence may also point out to an unacceptably large risk, or to the fact that consequences of a given hazard are so unacceptable that mitigation measures are needed whatever the level of risk.
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Methodology: a framework for the simplified risk analysis of cultural heritage assets

General overview of the framework
Based on the arguments in the previous section, a simplified methodology is proposed herein which can be used as a screening procedure for the preliminary risk analysis of built and immovable cultural heritage units. A cultural heritage unit is considered to be a single property or a component that is part of a property for which a risk analysis is required (e.g. a church is a unit but the bell tower of a church may also be considered to be a unit if necessary). The proposed risk analysis framework falls into the category of qualitative methods and is based on an existing approach developed for the vulnerability assessment of critical infrastructures [52, 53] . The qualitative risk analysis of the proposed methodology is based on a set of structured assessment flowcharts that address the main components of a risk analysis: the likelihood of the hazard, the vulnerability of the asset to the hazard, the consequences of the hazard, and the capacity to recover from the event. Figs. 1 and 2 illustrate the full scope of the flowcharts and outcomes that can be obtained with the proposed framework. vulnerability (V I to V V ) which are defined by answering questions that address the different components contributing to the vulnerability. It is noted that the process also accounts for the case where a certain cultural heritage unit may have an irrelevant level of risk (R 0 ) if its level of exposure to the hazard under consideration is not relevant. The process of Fig. 2 can be seen to establish five classes of increasing risk (R I to R V ) based on the vulnerability classes defined by the process of Fig. 1 , V I to V V , and on the expected likelihood of the hazard. The proposed framework considers three categories of expected hazard likelihood which are termed high, medium and low. These hazard categories depend on the type of hazard but must reflect the fact that an event with a high likelihood is expected to have a lower hazard intensity while a low likelihood event is expected to have a higher hazard intensity. For example, for the case of earthquakes, a high likelihood event is expected to have a lower average return period and also a lower magnitude, while for a low likelihood event it is the opposite. The level of hazard likelihood can be based, for example, on the value or range of the average return period of a given hazard scenario or based on available historical hazard scenarios. From Fig. 2 it can be seen that, for a given vulnerability level, when the expected likelihood of the hazard is high or medium, the subsequent risk level is the same. This conservative approach was considered in order to reduce the number of risk categories that result from the proposed framework. Furthermore, it can also be seen that when the vulnerability level is V V , the subsequent risk level is always R V , irrespective of the expected likelihood of the hazard. In this case, the framework assumes that if a cultural heritage unit exhibits the highest level of vulnerability, the severity of this condition implies the need to also consider the highest level of risk. With respect to the interpretation of these risk levels, although the colour code assigned to each level provides a visual aid, they can be interpreted as follows:
• levels R I and R II correspond to cases where the level of risk can be accepted; • level R III corresponds to a case where the level of risk is at the limit of acceptability and should be monitored regularly. Given the qualitative nature of the assessment framework and the uncertainties it may involve, a more detailed analysis of the cultural heritage unit should be carried out to determine if the actual risk is not higher; • level R IV corresponds to a case where the level of risk is unacceptable. A more detailed analysis of the cultural heritage unit should be carried out to define risk mitigation measures; • level R V corresponds to a case where the level of risk is unacceptable and needs to be addressed as soon as possible. A more detailed analysis of the cultural heritage unit is urgently needed to define risk mitigation measures.
Based on the characteristics of the proposed framework, this methodology is believed to be applicable to any type of cultural heritage unit threatened by any type of hazard and can be used to carry out a structured qualitative risk analysis. The application of the procedure starts by defining the hazard scenario for which the risk analysis of a certain cultural heritage unit is required. After defining this scenario, the analyst will then go through the assessment flowchart of Fig. 1 to establish the vulnerability level. The assessment flowchart of Fig. 2 is then used to combine the vulnerability level with the likelihood of the hazard scenario initially defined and obtain the risk level. To provide further guidance for the application of the proposed framework, additional aspects that need to be considered when analysing the components leading to the vulnerability classification are addressed in the following.
Characterization of the vulnerability analysis components
After defining the hazard scenario and establishing that the exposure of the cultural heritage unit to that scenario is relevant, the next step of the vulnerability assessment involves classifying the expected level of damage of the cultural heritage unit for that scenario. This expected level of damage needs to be defined according to one of three possible classes: light, medium or heavy. The following descriptions of those classes can be used as a reference:
• light damage corresponds to the case where the cultural heritage unit only exhibits non structural damage (i.e. damage that will not affect the resisting system and the overall stability of the cultural heritage unit); • medium damage corresponds to the case where the cultural heritage unit exhibits more severe non structural damage and also suffers moderate structural damage (i.e. damage that will affect the resisting system of the cultural heritage unit without compromising its overall stability); • heavy damage corresponds to the case where the cultural heritage unit exhibits severe structural damage that can make it unstable (i.e. the overall stability of the cultural heritage unit is compromised) or that can cause the partial or total collapse of the cultural heritage unit.
Given the qualitative nature of the proposed framework, the expected level of damage of a given cultural heritage unit can be estimated using a simplified procedure such as expert elicitation (e.g. see [54] [55] [56] ) or an indicator-based approach. For the cases of earthquake, flood, fire, hydro-meteorological, landslide and storm hazards, the procedures and data found in [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] 33] can be used to define simplified indicator-based approaches suitable to estimate the expected level of damage. For the particular case of earthquake hazard, the authors have developed a set of simplified indicator -and mechanics -based procedures for specific types of cultural heritage units [71] . Additional details of these approaches are addressed in the following sections.
In case there are heritage assets attached to the main cultural heritage unit (e.g. tiles, mural paintings, etc.), the vulnerability analysis of the cultural heritage unit should also account for these elements. This influence is, however, only accounted for in the subsequent stages of the vulnerability analysis, even though the damages to these attached heritage assets and those of the cultural heritage unit are correlated. The proposed framework assumes that if light damage is expected in the cultural heritage unit, the damages to the attached cultural assets will be either negligible or fully restorable. As such, only the potential loss of value is analysed in this case (Fig. 1) . If the expected damage is medium or heavy, the classification of the following stages of the vulnerability analysis will need to consider the damage and loss in value to both the cultural heritage unit and the attached heritage assets. For the cases where the level of damage is expected to be medium or heavy, the next component of the framework analyses if those damages are repairable (fully or partially) to determine if it will be possible to reuse the cultural heritage unit as before the occurrence of the damaging event. Damages are considered to be repairable if it is physically and technically possible to restore the physical and material integrity of the cultural heritage unit. In this context, the following repair possibilities should be examined:
• restoring the materials to their initial conditions without compromising the authenticity of a cultural heritage unit (which may be connected to its value);
• stabilizing the damaged elements without masking or hiding the results of the repair, strengthening, reconstruction or consolidation process carried out in the cultural heritage unit.
Since the expected level of damage was defined in terms of structural and non structural damage, the reparability analysis must be carried out separately for these two types of damages. Furthermore, if there are heritage assets attached to the main cultural heritage unit, this analysis must also account for these elements. As before, expert elicitation and judgement based on the characteristics of the cultural heritage unit under analysis is expected to be instrumental to assess the expected damage reparability.
After classifying the possibility of repairing the expected damage, the framework then analyses how easy will it be to restore the function of the cultural heritage unit back to its pre-damaging event state (even if only partially). According to the proposed framework, this stage of the analysis is expected to reflect and characterize the resilience of the cultural heritage unit. To perform this classification, the time, human and financial resources necessary to repair and/or stabilize the damages need to be analysed. In addition, resources that may be required to restore and/or develop the human and technical means necessary for the activities associated to the function of the cultural heritage unit must also be accounted for. In this context, it is noted that the ability to restore the predamaging event function may depend on factors other than those directly related to the cultural heritage unit. For example, factors related to heritage assets that may be attached to the main cultural heritage unit (e.g. tiles, mural paintings, etc.) or movable heritage assets (e.g. museum collections) that may be inside the main cultural heritage unit should be considered in this stage if they are found to be relevant to its function. As for the previous stages, expert elicitation and judgement are expected to be instrumental to classify this stage. As a suggestion, if the availability of human and financial resources is not a restriction, the function of the cultural heritage unit can be considered to be easily restored if it occurs up to 6 months after the end of the post-event emergency response operations.
Finally, the last stage of the vulnerability assessment analyses the significance of the expected loss in value of the cultural heritage unit. Given the simplified nature of the proposed vulnerability assessment process and the well-known difficulties in defining the multiple dimensions of cultural heritage value, the loss of value analysis must also be based on simple qualitative principles. In this analysis, it is suggested that the following five types of value, which are partially based on [72] , should be considered to analyse the expected loss of value of a certain cultural heritage unit:
• evidential value: it derives from the potential of the cultural heritage unit to yield evidence about past human activity (physical remains, written records, archaeological deposits, etc.); • historical value: it derives from the ways in which past people, events and aspects of life can be connected through the cultural heritage unit to the present (it can be divided into (a) illustrative value: the extent to which it illustrates something particular or distinctive; (b) associative value: the extent to which it is associated with a notable family, person, event or movement); • aesthetic value: it derives from the ways in which people draw sensory and intellectual stimulation from the cultural heritage unit (either as a result of conscious design or the seemingly fortuitous outcome of the way in which the cultural heritage unit has evolved and has been used over time); • communal value: it derives from the meanings of the cultural heritage unit for the people who relate to it, or for whom it figures in their collective experience or memory (these can include (a) commemorative and symbolic values: the meanings of a place for those who draw part of their identity from it, or have emotional links to it; (b) social value: places that people perceive as a source of identity, distinctiveness, social interaction and coherence; and (c) spiritual value: emanate from the beliefs and teachings of an organised religion, or reflect past or present-day perceptions of the spirit of place); • economic value: it derives from the potential of the cultural heritage unit to produce financial dividends for society as a result of direct or indirect economic activities connected to the use and function of the cultural heritage unit.
The expected loss in value can be connected to more than one class, depending on the type of cultural heritage unit under consideration. Therefore, the analysis of the expected loss in value should consider the relative importance of each of the five classes of value, which needs to be defined case by case. In general, the expected loss of value will depend on the expected level of damage as well as on the possibility of repairing such damage. In some cases, the expected loss of value will also need to consider how easy it is to restore the function of the cultural heritage unit since this factor may be particularly relevant for the loss of economic value. Furthermore, it is also noted that the uniqueness and rareness of a given cultural heritage unit should be reflected in the expected loss of value analysis and it may be associated with any of the referred classes of value. As for the previous stages, expert elicitation and judgement is expected to be instrumental to classify this stage. As for the previous stages, if there are heritage assets attached to the main cultural heritage unit, their contribution to the loss in value should also be accounted for. However, it is noted that this analysis does not include potential losses to movable heritage assets that may be inside the main cultural heritage unit. In relevant cases, a separate analysis of the expected loss of value to these heritage assets should be performed using a suitable methodology.
Detailing of the framework for earthquake risk analysis
As previously referred, the presented risk analysis framework was further developed for the particular case of earthquake hazard. Given that different types of constructions exhibit different behaviours under earthquakes, cultural heritage units need first to be assigned to architectural classes reflecting those differences. Based on these classes, analysis procedures can then be defined for each class which account for their specific behaviour under earthquakes. In the context of seismic analysis, a general classification of cultural heritage units has been defined in [73] that proposes six classes accounting for the construction morphology and the building technology. Since the detailing of the proposed framework for earthquake risk analysis was not developed for all types of constructions, a classification is proposed herein establishing only four architectural classes (CA1 to CA4) partially based on [73] . The architectural classes considered herein only involve masonry constructions and a different method was defined for each class to analyse the expected level of earthquake damage. The architectural classes that were considered are described in Table 1 For each type of architectural class, simplified indicator -and mechanics -based procedures were developed to establish the Table 1 Architectural classes of masonry constructions considered in the proposed framework.
Architectural class Description
CA1
Single-storey or multi-storey masonry building CA2 Hollow slender masonry construction CA3 Solid slender masonry construction CA4
Arched masonry construction expected level of damage under a given scenario of earthquake occurrence. These procedures are based on the classification of several parameters related, for example, to the geometry and shape of the cultural heritage unit, to its integration with the surrounding environment, to the type of structural system, to the quality of the materials, and to its state of conservation. For each architectural class, a specific data form and manual were developed to record all the necessary parameters and determine the expected level of damage. The detailed description and definition of the data forms and manuals developed for the four architectural classes are presented in [71] but are unable to be reproduced herein for the sake of brevity. However, it is referred that the procedure developed for cultural heritage units of class CA1 is based on the classification and weighted average of 14 parameters related to the type of structural system, the characteristics of the masonry, the lateral strength of the structure, geometric factors such as the maximum distance between walls and the height of the building, the type of foundations and soil conditions, the building position and interaction with respect to its surroundings, plan and vertical regularity factors, the type and arrangement of openings, the type of floor system, the type of roof system, the state of conservation of the structural system and the existence of non-structural falling hazards [59, 69, [74] [75] [76] [77] . The weighted average of these parameters leads to the quantification of a fragility index which is then correlated with the level of expected damage. The procedure developed for cultural heritage units of class CA2 is similar to that of class CA1. For class CA2, the procedure is based on the classification and weighted average of 12 parameters related to the type of structural system, the characteristics of the masonry, the lateral strength of the structure, the slenderness of the structure, the type of foundations and soil conditions, the construction position and interaction with respect to its surroundings, plan and vertical regularity factors, the type and arrangement of openings, the type of floor and roof systems, the state of conservation of the structural system and the existence of non-structural falling hazards [78] [79] [80] [81] . The procedures developed for cultural heritage units of classes CA3 and CA4 are different than those of classes CA1 and CA2 since they are mostly based on simple mechanics-based approaches. For class CA3, the expected level of damage is determined from the overturning stability of the construction and its sensitivity to develop a rocking mechanism. In this case, the procedure depends on the geometric and material properties of the construction, the type of foundations and soil conditions, the dynamic properties and the slenderness of the construction [82] [83] [84] [85] [86] [87] [88] . For class CA4, the expected level of damage is determined by analysing the stability of single or multiple arch systems with respect to transversal failure mechanisms. The procedure depends on the geometric characteristics of the structure (i.e. single or multiple arch system, type of pier, type of abutment, dimensions), the out-of-plane strength of the spandrel wall, the out-of-plane global arch-piers strength and the soil conditions [89] [90] [91] [92] .
Since the data required for each form needs to be obtained from existing documentation and in situ surveys, the level of reliability of the data that is considered is also established in the form. For cultural heritage units of classes CA1 and CA2, each parameter required to define the expected level of damage is assigned with a reliability level (0, 0.25, 0.50, 0.75 and 1.0 for low to high reliability levels) which reflects the uncertainty in the value of each parameter. A global reliability level of the damage analysis is then obtained from the weighted average of the individual values. If the global reliability level is below 0.20, the damage analysis is not valid and more reliable data is required. If the global reliability level is between 0.20 and 0.50, the damage analysis is accepted but obtaining additional information on the more uncertain parameters is recommended. If the global reliability level is higher than 0.50, the damage analysis is fully accepted. For cultural heritage units of classes CA3 and CA4, the global reliability level is established directly in a qualitative way since the number of parameters that are needed is much lower. For these classes, Low, Medium and High levels of reliability are qualitatively defined for the damage analysis that are in agreement with the three numerical ranges defined for classes CA1 and CA2. 
Application of the framework to analyse the seismic risk of the Roman Temple of Évora
To illustrate the applicability of the proposed framework, the seismic risk assessment of the Roman Temple of Évora, in Portugal, is presented as a case study. For the purpose of determining the level of expected damage, the Roman Temple of Évora was considered to be a cultural heritage unit from the architectural class CA3, as shown in the following. To provide further details about this case study application, the procedure leading to the level of expected damage is also described next.
Description of the Roman Temple of Évora
The Roman Temple of Évora (Fig. 7) is located in the UNESCO World Heritage Site of the historical centre of Évora, Portugal. The exact time of construction of the temple is not known exactly but the stylistic characteristics of the capitals indicate it likely dates back from the time of Roman emperor Augustus [94] . Even though the temple construction is likely to have begun in the 1st century AD, the construction was only finished between the 2nd and 3rd centuries [94] . Over time, the temple structure has undergone several modifications and reconstructions (see Fig. 8 ). The temple is believed to have been destroyed around the 5th century during the Visigoth invasion and additional writings indicate the temple was integrated in the Évora castle in the 14th century, serving simultaneously as a fortified house and as a slaughterhouse [94] . In 1836, the temple stopped being used as slaughterhouse and became the focus of a large archaeological intervention that would eventually lead to the temple's present configuration [94] .
Currently, the structure of the temple has fourteen Corinthian columns exhibiting different levels of damage, configurations and heights. Two of these columns are free standing while the remaining ones are connected by an architrave superimposed on the top of the columns. The architrave blocks and the column shaft drums are made of granite while the base blocks and capitals of the columns are made of marble [95] . Recent studies [96] have shown that the marble blocks of the architrave are connected to each other by iron connectors. On the other hand, no connections were found between the drums of the columns. The total height of the colonnade columns (i.e. the height of the base, shaft and capital) is 7.7 m while that of the freestanding columns is only 6.7 since they are missing the capitals [97] . The shaft of each column has a diameter of approximately 0.90 m [97] . All the columns are spaced 2.25 m apart and sit on a plinth with an area of 15 × 25 m 2 and a height that varies between of 3.5 m and 4.3 m [97] . The height of the architrave varies across the temple and it is made of one or two layers of granite blocks, where each block can be assumed to have a height of 0.60 m and a width of 0.90 m. A specific mass of 2625 kg/m 3 was considered for the granite blocks while for the marble blocks the considered specific mass was 2563 kg/m 3 [98] .
All the elements of the temple exhibit some level of damage. The most severe damage can be found in the two middle columns from the main faç ade of the temple. The bases and drums of these columns were cut to give room for a doorway that was possibly needed when the temple was serving as a slaughterhouse [97] . Many of the marble base blocks also exhibit damages which range from erosion and chipping of small pieces of stone to complete separation of the blocks into two pieces. The marble capitals and several drums of the columns (other than the two columns previously referred) also exhibit loss of material in some places. It was also seen that most of the elements of the temple exhibit biodeterioration from lichen, algae or moss [97] . For further details regarding the characteristics, existing damage and dynamic properties of the temple, readers are referred to [97, 99] .
In order to analyse the seismic risk according to the framework previously presented, the temple was considered to be a construction from architectural class CA3 since the structural stability is controlled mainly by the stone columns. Given the current geometric configuration of the temple, the structure was divided into four structural systems and a separate damage analysis was performed for each one (Fig. 9) . The seismic vulnerability and risk of the temple were then considered to be governed by the structural system where the level of damage is expected to be higher. System 1 is a group of three columns along the longitudinal direction of the temple topped by the architrave which is mostly made of two layers of granite blocks. System 2 is a group of five columns along the longitudinal direction of the temple also topped by the architrave which, in this case, is mostly made of only one layer of blocks. System 3 is a group of six columns along the transverse direction of the temple also topped by the architrave which is mostly made of only one layer of blocks. Finally, System 4 refers to the freestanding columns.
Determining the expected level of damage for constructions of architectural class CA3
According to the procedure detailed in [71] , constructions belonging to architectural class CA3 can be of three types. Constructions of Type I involve cases where the construction can be analysed using a single rectangular block, Fig. 10 a) , and require the geometric parameters represented in Fig. 11 a) . Constructions of Type II involve cases where the construction can be analysed using a single block with a variable geometry in elevation according to Fig. 10 b) , requiring the geometric parameters represented in Fig. 11 b) . Constructions of Type III involve multi-column structures topped by an architrave providing a connection between the several elements, Fig. 10 c) . For this type of construction, all the columns are assumed to have the same geometry and the necessary parameters for this case are those represented in Fig. 11 c) . For constructions of Type III, an additional parameter defined by eq. (1) as the ratio between the mass of the architrave and the mass of the columns is also necessary.
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The slope angle ˇ of the foundation is also accounted for in this analysis, Fig. 12 . This angle is subtracted from the slenderness angle ␣ to account for the negative influence of the slope (i.e. it favours the occurrence of the lifting and overturning of the construction) leading to the effective slenderness angle ␣ f defined by:
The type of foundation connection between the construction and the soil is also accounted for in the analysis. If the construction has a foundation system that can provide some sort of base isolation (e.g. such as the orthostat foundation systems referred in [83] which involve several layers of smoothed stone without mortar between them), the expected level of damage obtained from the analysis can be reduced by one level. However, if the base of the construction sits on top of a surface that can be assumed as rigid with respect to base isolation features or if the base of the construction is buried at a low-depth, no correction of the expected level of damage is needed. Finally, if the base of the construction is buried at a significant depth, the damage analysis is not valid since the behaviour of the construction will be different than assumed by the methodology presented herein. In the proposed procedure, the expected level of damage depends on slenderness and frequency parameters. The slenderness parameter is given by:
On the other hand, the frequency parameter p is defined differently for each type of construction [85] . For Type I constructions, parameter p is given by:
where g is the gravitational acceleration (i.e. 9.81 m/s 2 ) and R 0 is defined in Fig. 11 . For Type II constructions, parameter p is given by:
Finally, for Type III constructions, parameter p reflects the stabilising effect of the architrave and is given by:
Based on the geometric parameters, the material properties, the soil characteristics and the selected seismic hazard scenario, the seismic fragility indexes 1 and 2 are then determined to establish the expected level of damage. Index 1 defines a limit for the ground acceleration up to which a given construction is not expected to develop a rocking mechanism and is obtained by:
where S is a soil factor accounting for soil amplification effects defined according to Eurocode 8 [101] . Index 2 establishes a limit for the ground acceleration above which the construction is expected to overturn and collapse and is defined by:
where T c is the period corresponding to the upper limit of the constant acceleration branch of a standard response spectrum. In the current procedure, T c is also defined according to Eurocode 8 [101] . The expected level of damage is then determined by comparing the seismic fragility indexes 1 and 2 with the peak ground acceleration d that is expected at the site for the selected seismic hazard scenario. The value of d can be obtained, for example, from earthquake design standards and can be associated with different hazard likelihoods using an appropriate relation with the return period (e.g. see [101] ). If d is lower than 1 , the expected level of damage is classified as Light, if d is higher than 1 but lower than 2 , the expected level of damage is classified as Medium and if d is higher than 2 , the expected level of damage is classified as Heavy. Based on these ranges, Light damage is expected to involve sliding between the several block components without developing a rocking mechanism. For Medium damage the construction is expected to develop a rocking mechanism that will increase the damage between the block components without leading to global overturning. Finally, Heavy damage will correspond to the case where the overturning and collapse of the construction will occur.
Results and discussion: risk analysis of the Roman Temple of Évora
The results of the simplified seismic risk analysis of the Roman Temple of Évora according to the proposed framework are presented herein. The expected level of damage is determined using the procedure detailed in the previous section and part of the results are then compared with those of an advanced numerical analysis simulating the behaviour of the temple under earthquakes [97] . The selected earthquake scenario corresponds to the earthquake design intensity set by the Portuguese national annex of Eurocode 8 [102] which is considered to be a low likelihood event (i.e. it has an annual probability of occurrence around 0.2%). Two types of earthquakes need to be considered for this scenario according to [102] : (i) earthquakes with epicentres mainly offshore termed earthquake type 1 (EQ1) and (ii) earthquakes with epicentres mainly inland termed earthquake type 2 (EQ2). The value of d for the location of the temple is found to be 0.10 g for EQ1 and 0.11 g for EQ2 [102] and the value of c is also different for these two types of earthquakes: 0.6 s for EQ1 and 0.25 s for EQ2 [101] . Since the columns of the temple sit on top of a plinth which is not expected to be made of solid rock [97, 99] and based on the soil mapping for Portugal presented in [102] , the foundation soil was considered to be of type B [103] thus leading to a soil factor S equal Given the configurations of Systems 1 to 4 ( Fig. 9) , it can be seen that Systems 1 to 3 are Type III constructions while System 4 is a Type I construction. The intermediate parameters needed to establish 1 and 2 for each system are presented in Table 2 and are based on the survey data found in [97, 99] . The values of 1 and 2 that were then determined for each earthquake type (EQ1 and EQ2) are presented in Table 3 . Since 2 depends on the value of c , different values are obtained for EQ1 and EQ2.
Since 1 < d < 2 for Systems 1 to 3, the considered earthquake scenario is seen to lead to an expected level of damage that is Medium. These three Systems govern the behaviour of the construction for the intensity of the selected earthquake scenario essentially because System 4 is shorter. The values that were obtained for 2 also lead to two other conclusions: the overturning and collapse of the construction is governed by EQ1 and the earthquake intensity for which it is expected to occur is between three to four times the intensity of the selected scenario. Both conclusions are in agreement with the findings of the advanced numerical simulation studies that were carried out in [97] . Furthermore, the findings in [97] are also in agreement with the expected level of damage that was obtain herein for the earthquake scenario selected for the current analysis.
Based on this level of damage, the next step of the framework analyses the reparability of those damages. Given that for medium damage the construction is expected to develop a rocking mechanism that will cause some physical damage such as sliding and chipping of small pieces of stone, the level of damage is expected to be only partially repairable. Nonetheless, given the type of construction, its function is expected to be easily restored and no significant loss of value is foreseen. Based on these considerations, the vulnerability level of the construction is found to be V II (Fig. 1) . Combining this level of vulnerability with the low likelihood of the selected earthquake scenario leads to a risk level R III (Fig. 2) .
Final remarks
The simplified risk assessment framework proposed herein can be used as a screening procedure for the preliminary assessment of a large number of cultural heritage assets with limited resources or for the preliminary identification of assets that require a more refined and resource demanding risk evaluation. The procedure involves a qualitative risk analysis based on a set of structured assessment flowcharts addressing the main components of a risk analysis: the likelihood of the hazard, the consequences of the hazard, the vulnerability and the loss of value of the asset and, finally, the capacity to recover from the event.
The general framework was further detailed by developing specific damage assessment forms and guidelines for the case of seismic risk [71] . In this context, specific procedures were developed to analyse the expected level of damage for four types of cultural heritage masonry constructions. The main aspects of these procedures were described and an illustrative application for the Roman Temple of Évora in Portugal was also presented. Comparable results of this application were found to be in agreement with those of an advanced study simulating the behaviour of the temple under earthquakes. Nonetheless, additional applications should be carried out involving constructions damaged by past earthquakes to validate the proposed methodology.
Further refinements of the proposed framework are expected to be developed in the near future to include more types of constructions as well as to define similar guidelines for other types of hazards.
